Solid sulfur dioxide was investigated by vibrational spectroscopy over a broad pressure and temperature range, extending to 32.5 GPa at 75-300 K in diamond anvil cells. Synchrotron infrared spectra provided the first measurements of the pressure dependence of the lattice modes in the far-IR region. Below 17.5 GPa, two fundamentals exhibit splittings enhanced by pressure. The asymmetric stretching mode of SO 2 exhibits a remarkable pressure-induced softening. The observations are consistent with the ambient pressure Raman measurements indicating that SO 2 crystallizes in an acentric cell, but are inconsistent with a previously proposed interpretation that the structure of the high-pressure phase consists of ͑SO 2 ͒ 3 clusters. Dramatic changes in the Raman spectra are found above 17.5 GPa at room temperature. These indicate major changes in structure and possible formation of SO 2 clustering with an enlarged unit cell. The behavior at low temperature differs from that at room temperature. These findings provide constraints on the phase diagram of sulfur dioxide.
I. INTRODUCTION
Sulfur dioxide is an important molecule in atmospheric, geological, and chemical sciences. Because SO 2 can be either a Lewis acid or base, either oxidant or reductant due to its unique molecular and electronic configuration, it is highly reactive and plays a role in extensive chemical applications. 1 Its vibrational, rotational, and electronic structures have been widely investigated both experimentally and theoretically in gas phase ͑i.e., ambient conditions͒. [2] [3] [4] [5] [6] [7] [8] [9] The isolated molecule has a C 2v symmetry and its three fundamental vibrational modes, i.e., v 1 ͑A 1 , Sv O symmetric stretch͒, v 2 ͑A 1 O v S v O deformation͒, and v 3 ͑B 1 , Sv O asymmetric stretch͒, are all both infrared and Raman active. Sulfur dioxide condenses at 263 K and freezes at 198 K. The crystal structure of SO 2 has been determined by Post et al. 10 using single-crystal x-ray diffraction at 143 K. Solid SO 2 has an orthorhombic structure with four molecules per unit cell with space group Aba ͑C 2v 17 ͒ and cell parameters a = 6.07 Å, b = 5.94 Å, and c = 6.14 Å, yielding a cell volume of 221 Å 3 and density of 1.92 g / cm −3 . The S v O bond length is 1.43 Å and the O v S v O angle is 119°. Anderson and Campbell 6 reported high-resolution infrared and Raman spectra of crystalline SO 2 at 20 K. Numerous spectral features associated with SO 2 molecular and lattice vibrations were observed and assigned. Later Brooker 7 conducted a more detailed investigation of the structure of solid sulfur dioxide by Raman spectroscopy at 77 K. This study further confirmed the orthorhombic structure consistent with the acentric C 2v 17 space group. In the analysis of the spectral profile and assignment, the correlation field and isotopic effects associated with molecular SO 2 were taken into account. These optical studies as well as the x-ray diffraction data elucidated fundamental properties of sulfur dioxide at ambient pressure and low temperatures. However, unlike other fundamental molecular species such as CO 2 , H 2 O, etc., whose high P-T structures have been explored in detail in recent years, 11, 12 high-pressure data for sulfur dioxide have been lacking. Raman spectroscopy of condensed phase SO 2 was studied by Swanson et al. 13 more than two decades ago, but only up to 7.5 GPa. Even in that narrow pressure range, evidence was found for three solid phases. In addition to the known orthorhombic phase ͑designated as solid I͒ at ambient pressure, compression of liquid SO 2 at room temperature and 0.3 GPa results in the formation of colorless solid phase II; further compression to 2.5 GPa gives another yellowish solid phase III. These two new phases have entirely different structures than solid phase I as evidenced by different patterns of the v 1 and v 2 fundamentals in the Raman spectra. In phase II all three fundamentals appear as broad peaks and no well-defined lattice modes were observed in the low-energy region, indicating molecular disorder. The transition from phase II to phase III transition seems to be a sharp first-order transition since in phase III both the v 1 and v 2 bands sharpen and split into doublets or triplets. The structure of phase III is not clear, but it has been proposed that this phase is characterized by aggregation of the SO 2 molecules, e.g., trimetric ͑SO 2 ͒ 3 . This phase was also found to be sensitive to both blue and green laser radiation. However, the findings of Swanson et al. 13 were inconsistent with the ambient pressure structure reported earlier. 7, 10 In particular, based on the complex Raman fea-tures observed both in phase I and phase III, it was suggested 13 that solid SO 2 crystallized in a centric space group, instead of the previously reported C 2v 17 acentric space group. 7, 10 In interpreting the splittings of the fundamentals, they ignored factor group effects arising from trimerization of monomeric SO 2 were not considered. Brooker 7 later pointed out that this analysis also ignored isotopic effect and longitudinal-optical modes associated with SO 2 vibrations. Therefore, the high-pressure structure of SO 2 remains unclear.
Recent advances in diamond-anvil cell ͑DAC͒ techniques have opened new avenues for exploring the behavior of simple molecular systems over a wide P-T range 11,12 using a variety of spectroscopic and diffraction measurements. [14] [15] [16] We take advantage of these techniques to study the vibrational spectra of SO 2 up to 32.7 GPa and from room temperature down to 75 K. New pressure-induced phases are identified from Raman and IR measurements. The fundamental bands exhibit peculiar pressure-induced behavior, including enhanced splittings and mode softening, not observed in the previous low or ambient pressure studies. At low temperature and high pressure, we obtained high-quality Raman spectra with well-resolved lattice modes. We also report the first IR spectra of pressurized SO 2 , including far-IR spectra obtained with a synchrotron-radiation source. These results enable us to reinterpret the high-pressure structures of solid sulfur dioxide.
II. EXPERIMENT
Pure sulfur dioxide ͑99%͒ was purchased from Aldrich and used without further purification. Loading was done by precooling a DAC in liquid nitrogen. The melting point for SO 2 is −75°C so gaseous SO 2 solidifies on the cooled rhenium gasket of the cell in a liquid-nitrogen bath. The cells were then sealed and the solid SO 2 pressurized before warming to room temperature. A ruby chip was inserted for pressure measurement. The pressure was determined from the pressure shift of the R 1 ruby fluorescence line with an accuracy of ±0.05 GPa under quasihydrostatic conditions. 17 For Raman studies, both the 488.0-and 514.5-nm lines of an Ar + laser ͑Coherent Innova 90͒ were used as the excitation source, with an average power of 0.1 W or less. A 460-mm focal length f / 5.3 imaging spectrograph ͑ISA HR460͒ equipped with a 1800-grooves/ mm grating with a resolution of ±0.5 cm −1 was used. Calibration of the Raman spectrum with Ne lines provided an accuracy of ±1 cm −1 . A custombuilt optical cryostat was used for the low-temperature Raman measurements; the temperature range from 80 to 300 K was explored using liquid nitrogen as the cryogen.
Infrared-absorption spectra were measured at beamline U2A of the National Synchrotron Light Source ͑NSLS͒, Brookhaven National Laboratory ͑BNL͒. The optical layout has been described in detail elsewhere. 18 Briefly, the synchrotron light is collected from a source in a 40ϫ 40-mrad solid angle and collimated to a 1.5-in.-diameter beam before entering a Bruker IFS 66v vacuum Fourier transform infrared ͑FTIR͒ spectrometer. The spectrometer was equipped with a number of beam splitters and detectors including a silicon bolometer and mercury cadmium telluride ͑MCT͒. In addition, a grating spectrograph with a charge-coupled device ͑CCD͒ array detector was used in the visible, giving complete coverage of the spectral range from 50 to 20 000 cm −1 . The resolution used in the present study was 4 cm −1 .
III. RESULTS
A. Room-temperature Raman spectra Figure 1 shows Raman spectra of molecular SO 2 at room temperature on compression from 1.2 to 32.7 GPa. Typically each spectrum consists of four Raman-active regions, i.e., the lattice region, 19 The Raman spectrum of SO 2 at higher pressures is shown in Fig. 1͑b͒ . Striking features are observed for all the Raman-active modes, starting at 17.5 GPa: ͑1͒ The lattice modes seem to smear out; ͑2͒ a new mode, instead of highfrequency component of the v 2 doublet, occurs at 653 cm −1 ; ͑3͒ the doublet of the v 1 mode changed to singlet with a significantly broadened profile and shift to red; and ͑4͒ a new band with two components at 1224 and 1244 cm −1 appears below the v 3 mode. These changes not only indicate a different lattice structure but also suggest major changes in the molecular structure. At 18.6 GPa, this transition continues to develop as evidenced by the growth of the new modes around 653, 1224, and 1244 cm −1 . These modes are fully developed at 20.7 GPa except that the latter two modes have merged into a singlet. At the next pressure 22.4 GPa, the v 1 mode has split again as below 17.5 GPa, but with a much smaller separation of 19 cm −1 as compared to 47 cm −1 at 15.2 GPa. This band completely disappeared when the pressure was further increased to 28.4 GPa. From that pressure to 32.7 GPa, the highest pressure of the Raman measurements, the only significant new feature is the splitting of a 653-cm −1 band into a doublet. These pressure-induced changes are summarized in Fig.  2 , which plots the Raman frequencies versus pressure. The external modes are omitted; these will be discussed below with the low-temperature measurements. Below 17.5 GPa, both the v 1 and v 2 doublets exhibit a smooth evolution on compression at average rates of 1.9 and 3.3 cm −1 / GPa for the v 2 doublet and 1.2 and 3.8 cm −1 / GPa for the v 1 . The significantly different pressure dependence of the two components of the doublets causes the splitting to increase remarkably upon compression. In contrast to v 1 and v 2 , as mentioned above, the v 3 band exhibits a negative shift of −1.9 cm −1 / GPa. In addition to the smooth evolution of these three vibrational modes, the lattice region exhibits similar patterns at all pressures below 17.5 GPa. We conclude that between 2.2 and 17.5 GPa, sulfur dioxide crystallizes in an ordered structure, extending the range of the previously identified phase III from 7.5 to 17.5 GPa.
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B. Low-temperature Raman spectra
In order to compare with the previous low-temperature optical measurements, we also obtained Raman spectra of solid SO 2 in situ at high pressures and low temperature. The previous high-pressure measurements on SO 2 were only conducted at room temperature.
13 Figure 3 shows the Raman spectra of SO 2 we obtained at seven pressures from 
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Vibrational spectroscopy of SO 2 at high P J. Chem. Phys. 122, 174511 ͑2005͒ 6.0 to 22.1 GPa and 75 K. As in the room-temperature measurements, these display four Raman-active regions, i.e., the lattice region and the internal modes v 2 , v 1 , and v 3 vibrational mode regions but all the peaks are sharper in the lowtemperature spectra. Figure 4 shows the pressure-induced shifts for lattice modes as well as the internal modes. In contrast to the behavior observed at room temperature, the Raman profiles exhibit no qualitative changes at low temperature over the entire range from 6.0 to 22.1 GPa. Specifically, the v 2 ͑A 1 O v S v O deformation͒ bands occur as a doublet at all pressures, although as the pressure increases, the high-frequency component fades and nearly disappears at 20.2 and 22.1 GPa. The separation between the doublets remains fairly constant on compression ͑Fig. 4, middle panel͒ in contrast to the pressure-dependent splitting of the two components observed at room temperature ͑Fig. 2͒.
The most prominent pressure-induced behavior is observed for the v 1 symmetric stretching mode of SO 2 . Over the whole pressure range, the low-frequency component of the doublet exhibits no appreciable pressure-induced frequency shift and remains near 1165 cm −1 . The highfrequency component, however, shifts steadily to higher values with pressure. Unlike the room-temperature spectra, where a new band is observed on the high-frequency side of the v 1 mode starting from 17.5 GPa, the corresponding band is not observed up to 22.1 GPa. Instead a new peak on the low-frequency side ͑ϳ1151 cm −1 ͒ starts to develop ͑Fig. 3͒, starting from 9.2 GPa. With the increasing pressure, the intensity of this peak grows systematically and its frequency of this new peak shifts downwards. The frequency of v 3 at 75 K remains more or less constant at 1295 cm −1 , in contrast to v 3 at room temperature, which decreases with pressure up to 17.5 GPa then increases. These observations indicate the existence of phase transitions but the transition pressures appear to be different than at room temperature.
The well-resolved lattice modes at low temperature help to identify possible phase transitions. 14 The Raman dependence of these lattice frequencies provides further evidence for the phase transitions indicated by the internal vibrational modes. As shown in Fig. 4 , at most pressures there are seven Raman bands corresponding to librations and rotations in the frequency range of 100-350 cm −1 . Starting from 16.2 GPa, the third lowest-frequency mode ͑204 cm −1 ͒ disappeared and concomitantly a new band on the high-frequency side ͑309 cm −1 ͒ developed, indicating a phase transition. This transition pressure is close to that observed at room temperature ͑i.e., 17.5 GPa͒, except that here the transition becomes evident in the external modes instead of internal modes.
C. Synchrotron infrared spectra
We obtained mid-to far-IR spectra for solid SO 2 at high pressures using synchrotron radiation. Figure 5 shows the room-temperature infrared-absorption spectra of SO 2 at 50-3000 cm −1 at selected pressures from 2.2 to 21. and the v 2 bending mode at 559 cm −1 become prominent. With increasing pressure, the frequencies of all IR-active bands increase, except for the v 3 mode, which appears as a blended doublet and is relatively insensitive to pressure. Although the band is significantly broadened by pressure, the separations between the two peaks remain constant over a large pressure region up to 14.9 GPa. On further compression, the low-frequency component has a discernible nega- tive frequency shift, resulting in a larger doublet splitting. Figure 6 summarizes the pressure dependence of the frequencies of all observed IR modes. In addition to the IR fundamentals, a higher-frequency peak is observed at all pressures. This peak can be assigned as the combination of the v 1 mode and the low-frequency component of v 3 . For instance, at 4.3 GPa the sum of 1156 and 1304 cm −1 modes is close to the observed peak at 2464 cm −1 . As seen in Fig. 6 , this assignment fits at pressures below 14.9 GPa, but not above that pressure. This change coincides with the proposed phase transition. ͑Broad-ening of the v 3 mode may also be responsible since the accurate determination of the convoluted peaks is difficult.͒ Other new IR features are also observed above 14.9 GPa. For instance, the first lattice mode developed an obvious shoulder at lower frequency and the second lattice mode becomes significantly broader and more intense. In addition, the v 2 bending mode displays a significantly broader profile than at lower pressures. These observations are consistent with a phase transition at 14.5 GPa, slightly lower but close to the pressure where the phase transition was observed in room-temperature Raman spectra. Table I lists the vibrational modes observed in the Raman and infrared spectra of solid SO 2 at high pressures. These observed modes can be assigned consistently based on the previous extensive analysis of ambient pressure struc- 10 The molecules reside on C 2 sites with the C 2 axis of the molecule ͑z axis͒ coincident with the crystallographic c axis. The molecular plane ͑yz͒ and the molecular v plane ͑zx͒ are approximately parallel to planes which bisect the a and b crystallographic axes. The correlation diagram and the factor group analysis give 15 optical modes which include 6 internal modes of the two SO 2 molecules and 9 external modes involving translational and rotational modes of SO 2 units. 7 Among the nine lattice modes, three are translational ͑T͒ and six are rotational ͑R͒; all nine are Raman active and seven are IR active. 7 In the previous study at ambient pressure and 20 K, all nine Raman modes and six of the IR modes were observed. 6 These modes occur between 67 and 160 cm −1 . Based on the consideration of molecular geometry, molecular interactions as well as comparison between Raman and IR profiles for individual modes, the nine lattice modes are assigned with a pattern of T and R in an intermixed order. However, later Raman measurements on SO 2 at 77 K proposed a modified set of assignments of the lattice modes. 7 Although fewer bands are observed, the modified assignment complies with the general rule that rotational modes of planar molecules typically have lower frequency and higher intensity than the translational modes, which is also in general accord with lattice dynamics calculations. 8, 20 To assign the vibrational modes observed for the highpressure phase, new correlation diagrams are needed for a factor group analysis based on the crystal structures of the new phases. This involves comparison of our Raman and IR data with results obtained at ambient pressure. 6, 7, 9 For this purpose, we extrapolated the frequencies of all the observed optical modes to zero pressure. The extrapolated values are given in parentheses in Table I . As can be seen, our extrapolated lattice frequencies do not match those seen at ambient pressure. Low-frequency modes ͑below 102 cm −1 ͒ were seldom resolved in our study, but more modes are observed in the higher-frequency region above 102 cm −1 , the rotational mode with the highest frequency at ambient pressure. 7 Therefore, more Raman-and/or IR-active lattice modes are associated with the high-pressure SO 2 phase. This indicates that there are at least two and probably more SO 2 molecules per primitive cell. Without x-ray diffraction data, we cannot specify symmetries, but can temporarily classify the observed modes based on their frequencies. Tentative assignments of rotational and translational modes of SO 2 are listed in Table I , obtained by comparing our extrapolated values with the previous Raman data. 7 The observed splittings of fundamentals can be understood as arising from transverse-optical/longitudinal-optical ͑TO/LO͒ vibrations. 6, 7 For acentric crystals the TO/LO splittings may be observed in the Raman spectra if the mode is simultaneously IR active. [21] [22] [23] [24] At both room and low temperatures, we observed two components of the v 1 mode corresponding to the TO and LO vibrations with A 1 symmetry at most pressures ͑Figs. 1 and 3͒. The magnitude of the splittings and the intensity of the components are both pressure and temperature dependent. At room temperature and 7 was not resolved in the present study. However, our IR frequency for the v 1 mode, when extrapolated to zero pressure, agrees with that seen in the previous study at low temperature and ambient pressure. 6 The TO/LO splitting is also observed for v 2 . At room temperature and below 17.5 GPa, the separation between the TO and LO components of v 2 increased smoothly on compression with d͑⌬v 2 ͒ / dP = 1.8 cm −1 / GPa; at 75 K, the TO and LO components evolve nearly the same with pressure, with d͑⌬v 2 ͒ / dP = 0.6 cm −1 / GPa. These values are significantly smaller than those for v 1 . At low temperature, the intensity of the TO component remains nearly constant at all pressures while that for the LO component decrease with pressure and cannot be resolved above 19.2 GPa. At room temperature, although TO is observed at all pressures and evolves smoothly on compression ͑Fig. 2͒, its profile changed dramatically above 20.7 GPa ͓Fig. 1͑b͔͒. As a result, the mode observed at this frequency above 20.7 GPa should not be ascribed to the v 2 ͑TO͒ mode ͑depicted as open squares in Fig. 2 above 20 .7 GPa͒. Furthermore, at 17.5 GPa, the LO mode is replaced by another band with broader profile and high frequency. This feature cannot be explained as the continuation of v 2 ͑LO͒ since otherwise there would be an abrupt splitting at this pressure point ͑Fig. 2͒, as discussed below. Similar to the v 1 mode, the extrapolated frequencies of the v 2 mode at zero pressure are larger than seen in the spectra at ambient pressure ͑Table I͒. The v 2 mode with A 2 symmetry was not detected in the present study. Further, the IR mode has a significantly higher frequency ͑552 cm −1 ͒ than found at ambient pressure. 9 All these observations are consistent with those for v 1 .
IV. DISCUSSION
Factor group analysis predicts four Raman bands for the All were observed in the previous studies at ambient pressure and low temperature. 6, 7 Unfortunately, due to the low intensity of this feature and the dominant Raman signal from the T 2g mode of the diamond anvils, we observed only one component both at room temperature and 75 K; it is assigned as B 1 ͑TO͒. By using type-IIa diamond anvils, we were able to observe both IR bands ͑B 1 and B 2 ͒ at all pressures. In fact, these are the strongest internal IR bands. Similar to v 1 and v 2 , the TO/LO splittings should also be observable for this mode by using 13 C anvils, or by loading isotopically labeled SO 2 in a standard cell to avoid the T 2g Raman mode.
The most intriguing high pressure behavior observed for the v 3 asymmetric stretching mode of SO 2 is the softening of the B 1 component. Molecular vibrations typically exhibit positive pressure-induced frequency shifts since chemical bonds tend to stiffen when compressed. Mode softening is therefore often associated with a phase transition at higher pressures. 19, 25, 26 In the current case, v 3 ͑B 1 ͒ softens monotonically both in the IR spectra and low-temperature Raman spectra. In contrast, this mode exhibits a "turnaround" pattern at 17.5 GPa in the room-temperature Raman spectra ͑Fig. 2͒. Up to 17.5 GPa, the frequency decreases on compression; above that pressure, the frequency decreases. This indicates giving a distinct boundary of phase transition. A simple interpretation is that in the lower-pressure phase the v 3 ͑B 1 ͒ mode is soft while in the new higher-pressure phase, this mode becomes "normal." Although the longitudinal component of v 3 ͑B 1 ͒ is not observable in the Raman spectra, being obscured by the diamond anvil, we can infer the likely behavior of this component. The v 3 ͑LO͒ frequency probably shifts upwards on compression. That would make the TO/LO splittings consistent with those for v 1 and v 2 on compression, and correspond to enhanced intermolecular interactions as usual. Since the frequency of the diamond T 2g Raman mode increases with pressure, the v 3 ͑LO͒ band would have been observable if it were to shift downwards.
The observation of TO/LO splittings invites theoretical studies, in particular, of the dependence of splitting magnitude on both pressure and temperature. In Table II with pressure enhancing all the observed splitting. However, the results from different sources indicate a temperature dependence of the splitting on temperature that needs to be examined theoretically.
In the high-pressure Raman study of solid sulfur dioxide by Brooker, 7 the complex profiles of all three fundamentals were ascribed to isotopic effects involving either 34 S or 18 O or their combinations. Detailed assignment of isotopic SO 2 bands and quantitative analysis of the isotopic shifts in comparison with gas phase Raman spectra were reported. 7 Isotopic effects were not considered in the work of Swanson et al.. 13 In our Raman spectra, no isotopic peaks were resolved. We believe that although at ambient pressure sulfur and oxygen isotopes could contribute to Raman profiles, this is much less likely at high pressure. The natural abundance for 34 S vs 32 S is only 4% vs 95% ͑and ഛ1% for 33 S and other isotopes͒; that for 18 O vs 16 O is only 0.2% vs 99.7%. In addition, at high pressure weak peaks may be broadened and possible enhancement of fluorescence could contribute to the lack of clearly resolved isotope features. Also in the DAC, the strong diamond T 2g mode may obscure weak peaks in the vicinity. Therefore, considering the large splitting and the strong intensity of the TO/LO components, we deem it appropriate to ignore the isotopic effect in both Tables I and II. In the low-pressure region below 2.5 GPa, our study is in general accord with previous work. 13 In that study, a disordered phase ͑phase II͒ was reported to exist between 0.3 and 2.5 GPa; this phase is characterized by the broad profile of v 2 and v 1 around 525 and 1140 cm −1 . In our spectra ͑Fig. 1͒, the pattern at 1.2 GPa exhibits the characteristics of phase II, while that at 2.2 GPa can be ascribed to phase II-III coexistence. Since pressure calibration was within 0.05 GPa ͑quasihydrostatic conditions͒, we conclude that the transition may start at a lower pressure than 2.5 GPa. The transition hysteresis appears larger than the 0.6 GPa previously indicated. The lack of a lattice feature and the broad profile of the v 2 and v 1 fundamentals are consistent with a disordered structure ͑again v 3 is not observed due to the diamond T 2g band͒. Although such features are also typically associated with a fluid phase, freezing of SO 2 was clearly observed at 0.3 GPa. Unfortunately, the Raman spectra of fluid SO 2 in this lower pressure range have not been reported. 13 Further studies are needed to clarify the structure of this disordered phase II and its possible relationship to a denser fluid phase.
Our high-pressure Raman spectra, including the lattice modes and fundamentals, are also consistent with the previously observed 13 phase III, but indicate that this phase extends to 17.5 GPa based on the Raman measurements. Aggregation of SO 2 to form a trimer, ͑SO 2 ͒ 3 , was proposed 13 as the basic structure of this phase III, based on the analogy to the known 27 trimeric cluster of ␣-SO 3 . However, the authors assumed a centric space group, even for ambient pressure solid SO 2 , which contradicts orthorhombic with acentric space group determined by single crystal x-ray data. 10 Furthermore, their interpretation of phase III is also inconsistent with later extensive Raman investigation. 24 Therefore, although we have observed similar high-pressure behavior of SO 2 , we favor the interpretation indicated by factor group analysis, where the unit cell contains monomeric SO 2 molecules and the splittings are the result of interactions between neighboring molecules in an acentric cell. The additional lattice modes observed in the present study ͑Table I͒, in excellent agreement with Swanson et al., 13 indicate that there are more than two molecules per primitive cell. The information on the unit cell structure and molecular geometry associated with this phase requires diffraction measurements.
Above 17.5 GPa, the major changes in roomtemperature Raman spectra are evidence for a new highpressure phase of sulfur dioxide, designated as phase IV. The appearance of new peaks at 653 cm −1 and the doublet around 1244 cm −1 suggests the formation of new structures with distinct geometries and chemical bonding rather than rearrangement of weakly interacting SO 2 molecules. The Raman features observed above 17.5 GPa can be rationalized in terms of new bonds between SO 2 units. First, the vibrational frequencies of the clusters should have similar modes possessed by other sulfur compounds where sulfur is multiply coordinated by oxygen, such as sulfones, sulfuonia, or sulfate compounds. These compounds have SO 2 -, SO 3 , or SO 4 structures with vibrational frequencies at 500-610 cm −1 corresponding to SO 2 scissor motion, at 1120-1230-cm −1 asymmetric stretching, or 565-675 cm −1 for SO 4 bending modes. The frequencies for the new Raman modes observed for phase IV, if extrapolated to zero pressures, are close to those associated with these sulfur compounds. Second, although these modes ͑650 and 1244 cm −1 ͒ are observed at frequencies where the v 2 ͑LO͒ and v 1 ͑LO͒ modes occur, the very different band profile ͑Fig. 1͒ and the prominent discontinuity of the Raman shifts with pressure ͑Fig. 2͒ suggest that they are new bands associated with a new structure. That the TO/LO splittings are no longer observed above 17.5 GPa is consistent with a structure ͑in strong contrast to phase III͒, wherein three or more monomeric SO 2 molecules crystallize in an acentric cell. Third, the turnaround behavior of the v 3 mode of SO 2 ͑Fig. 2͒ is further evidence for the formation of a new structure of SO 2 . In phase III, the v 3 mode associated with the asymmetric stretch of SO 2 molecules ͑near 1300 cm −1 ͒ is a soft mode indicating that a transition will occur at higher pressures. Lastly, further compression of solid SO 2 above 17.5 GPa appears to complete a phase transition. The new features at 653 and 1244 cm −1 that arise at 17.5 GPa continue to develop and at 25.6 GPa become the dominant bands. Low-temperature Raman spectra ͑Fig. 3͒, however, do not reveal the same features observed at room temperature. Only one new band is observed below v 1 starting at 9.2 GPa. We conclude that in the pressure range of our study, SO 2 remains an ordered structure, possibly similar to the room-temperature structure. The observation of soft mode at 1151 cm −1 ͑Fig. 4͒ indicates that a phase transition will occur at higher pressures.
V. CONCLUSIONS
We present a systematic study of the vibrational spectra of SO 2 at high pressure. Splittings are observed for the v 1 and v 2 fundamentals that are ascribed to transverse-optical/ longitudinal-optical splittings. These are consistent with the crystal structure previously determined by single-crystal x-ray diffraction. Analysis of the splittings indicates that interactions between neighboring SO 2 molecules are enhanced by pressure, while the dependence of the splittings on temperature remains unclear. Our study finds evidence for two phases ͑II and III͒ of solid SO 2 , consistent with previous reports, and it extends the range of stability of phase III up to 17.5 GPa. We suggest that phase III has an acentric cell similar to that at ambient pressure but with three or more SO 2 molecules per cell. This interpretation differs from the previously proposed structure involving trimeric clusters. Prominent new features observed above 17.5 GPa in roomtemperature Raman spectra and a turnaround of the v 3 asymmetric stretching band suggest a transition to a new phase ͑IV͒. This possibly involves SO 2 clusters with the sulfur atom multiply coordinated by oxygen atoms. Distinct behavior of the evolution of the Raman modes on compression at 75 K and at room temperature further suggests that the transition to phase IV at low temperatures requires higher pressure. Vibrational absorption spectra in both the far-and mid-IR range provide information about phase transitions consistent with that from Raman spectra. X-ray diffraction studies in progress should elucidate high-pressure structures of sulfur dioxide. 
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